S
oil C pools change rapidly in response to land-use change (Post and Kwon, 2000; Guo and Gifford, 2002; Jelinski and Kucharik, 2009; Arevalo et al., 2009 Arevalo et al., , 2011 . Globally, soil contains three times as much C as plant biomass (Post et al., 1982) , yet the consequences of many major land uses for soil C remain unestimated. Horticultural farming is a large land use, comprising >2300 km 2 in the United States (National Agricultural Statistics Service, 2009a) . Tree farming is a common land use in the Southern Appalachian Mountains, where unmanaged forests store large amounts of soil C. Studies have estimated forest woody biomass C in this region to be about 180 Mg C ha −1 (Kirk, 2009) and soil biomass C to be about 240 Mg C ha −1 (Bolsted and Vose, 2005) . Christmas tree farms comprise up to 10,000 ha of land in the North Carolina mountain region alone and are an important economic driver in rural communities. In top tree-producing counties like Ashe County, tree farms cover 7% of the land area (National Agricultural Statistics Service, 2009b) . Tree farms often occur adjacent to both pastures and native forests, allowing targeted comparisons of soil C among these three land use types. Furthermore, tree farming in this region began in the 1960s and became more prominent in the 1980s and 1990s, providing a wide range in the duration Soil C storage can be altered by land-use conversion and by agroforestry management techniques such as weed management and fertilization. The Southern Appalachian Mountains have a mosaic of land uses, including Christmas tree [Abies fraseri (Pursh) Poir] farms, pastures, and unmanaged forests. We contrasted Christmas tree farm soil C pools with those of adjacent pastures and forests to estimate C storage differences due to land use. We partitioned soil C into fractions delineated by stability, an important determinant of long-term C sequestration potential. Soil C pools were quantified across a chronosequence of tree farms that varied in cultivation duration (3-51 yr) and interspace groundcover. We found that the duration of tree cultivation did not alter tree farm soil C pools; however, recalcitrant C pools were twice as high when interspace groundcover increased from 35 to 70%. Total, active, slow, and recalcitrant soil C pools were highest in forests compared with pastures and tree farms. Tree farm soils had about 25% lower C concentration than the adjacent forest soils, but because there was no downward trend with duration of cultivation, the reduction probably occurred rapidly following initial clearing. Tree farms and forests had longer mean residence times for active and slow C than pastures, potentially indicating an influence of woody root production. Our findings suggest that maintaining tree farm interspace vegetation, possibly through reduced herbicide use, can enhance soil C sequestration.
of production among farms. By examining a chronosequence of tree farms, we can assess how soil C changes with time due to tree farming and compare these changes with other common regional land uses such as forest and pasture.
In addition to producing an important product, Christmas tree farmers use unique practices, mirroring those of tree plantations planted for C sequestration purposes ( Jackson et al., 2005) , which may allow them to store more C than other types of agroecosystems. First, the soil is not tilled, preventing the release of soil C by disturbance, which has reduced soil C pools by about 30 to 40% in other cropping systems (Murty et al., 2002; Guo and Gifford, 2002; Franzluebbers, 2010) . Second, the aboveground biomass is harvested with minimal soil disturbance, but belowground biomass, which may be important for accumulating and maintaining soil C, is left intact. Third, non-target (or "weed") species are commonly allowed to grow to some extent in the interspaces between the Christmas trees, producing ground cover. The amount of ground cover or interspace vegetation varies widely among farms and could be an important variable in determining soil C storage due to variation in litter and root inputs. Most farms use some level of herbicide application to control non-target species, ranging from a light application of glyphosate [N-(phosphonomethyl) glycine] to stunt but not remove vegetation (known as chemical mowing) to heavy application that can remove cover, exposing bare ground, and potentially allow erosion, which could also alter soil C. Elsewhere, herbicide usage has been shown to decrease mineral soil C pools in loblolly pine (Pinus taeda L.) plantations (Echeverria et al., 2004; Sartori et al., 2007) and ponderosa pine (Pinus ponderosa P. Lawson & C. Lawson) plantations (McFarlane et al., 2009) .
Soil C pools can be partitioned into fractions delineating pool resistance to decomposition and thus potential for longterm C storage (Parton et al., 1987; Townsend et al., 1995; Crow et al., 2007) . The active pool (C a ) is small and turns over rapidly, on the order of days; the slow (C s ) and resistant (C r ) pools are much larger and typically take centuries to millennia, respectively, to decompose. Although land use-induced changes in total soil C (C soc ) are important, it is also imperative to analyze the nature of soil C changes to determine long-term sequestration potential (Diochon and Kellman, 2009 ). Furthermore, we need to understand how various land uses and farm management scenarios (e.g., herbicide usage) impact the soil C pool composition.
We examined soil C storage across a chronosequence of Fraser fir Christmas tree farms in the Southern Appalachian Mountains and in adjacent pastures and native forests. We used this chronosequence to address the following three questions:
1. Do soil C pools change with time due to tree farming? 2. Does ground-cover abundance on Christmas tree farms impact soil C pools? 3. Do recalcitrant soil C pools differ among land uses?
To address these questions, we measured total soil C and soil C pool composition on nine different Christmas tree farms, with three plots at each farm and three plots of forest and pasture adjacent to the farmed area. We quantified the ground cover by characterizing interspace plant cover regularly during a 2-yr period and performed soil incubations and digestions to partition soil C pools by their stability. We aimed to provide information on the soil C potential of Christmas tree farming and impart a broader view of the soil C reserves for three dominant land uses in the Southern Appalachian Mountains.
MATERIALS AND METHODS

Design and Site Description
To achieve our goal of assessing the long-term impacts of Christmas tree farming on soil C storage, we used a chronosequence approach (Crews et al., 1995; Neill et al., 1997) . We selected nine Christmas tree farms that varied in the duration of production from 3 to 51 yr. Communications with the individual farmers confirmed that all farms were in continuous tree production during their entire "lifespan." The soils at our sites were Humic or Typic Hapludults (including Watauga loam, a fine-loamy, micaceous, mesic Typic Hapludult, and Saunook loam, a fine-loamy, mixed, superactive, mesic Humic Hapludult, series). More information on the plots selected for detailed sampling, which were selected across the range of farm ages to measure microclimate and soil properties, are provided in Table 1 . It is impossible to select sites identical in all relevant state factors, particularly in this mountainous and heterogeneous region. Tree farms are often planted at different elevations and slopes that lead to varying microclimatic regimes. To maximize our ability to isolate the targeted effects and to minimize confounding climatic variability among sites, we selected sites within a 10-km radius and in an elevation band from 950 to 1150 m. To minimize edaphic variability, we restricted the sites to those with similar soil types and slopes ranging from 15 to 25%. At each farm (site), we located three separate stands (hereafter called plots) to capture the variation in topography at each farm for a total of 27 plots (9 farm sites ´ 3 plots at each farm; see Fig. 1 ). All of the three plots within a farm were hydrologically isolated from each other such that runoff from one plot would not flow onto another plot. Soil C pools were averaged for the three plots within each farm so that n = 9. At five of these nine farms, we randomly designated one detailed sampling plot where we captured fine-scale variation in tree farm soil C, estimated the ground cover of vegetation in the interspace for 2 yr, and obtained microclimatic data. More specifically, at the five detailed sampling plots, one monitoring set of 400 trees (40 rows by 10 columns) was established for soil temperature monitoring, soil depth estimation, and to capture variation in soil C along a slope and with soil depth. Farm ages ranged from 3 to 51 yr at the time of coring (Table 2 ). An average Christmas tree rotation period in this region is 7 to 8 yr.
To assess how land use impacts soil C, we also measured soil C pools in pastures (grass-dominated areas) and forests adjacent to each farm plot. We also paired forest plots with Christmas tree farm plots to "benchmark" or index the tree farm soil C across the chronosequence. Using this paired approach, we accounted for variability in other soil-forming factors such as parent material, topography, and climatic variability. At each of the nine farms, we chose three forest plots and three pasture plots, each of which was immediately adjacent to each tree farm plot (within 50 m) and had the same slope and aspect as the adjacent tree farm plots.
The grassy pasture areas we chose were present to prevent shading of the trees and allow access to the tree farm plots. Because these "pastures" might not always have been grazed, they do not represent an actual pastoral land use; however, the lack of trees and presence of similar herbaceous vegetation can provide some insight into how this vegetation type influences soil C storage.
Soil Sampling
In June 2009, we sampled the soil at all nine farms (three plots at each farm and an adjacent pasture and forest plot for each site) using a 3.5-cm-diameter hammer corer (AMS Soil Sampling Equipment). For each of the 27 sampling plots, we cored at the drip line of a prescribed focal tree in the middle of the patch. Cores at all plots were taken to a depth of 15 cm after removing litter at the soil surface. Additionally, within the five detailed-sampling plots, one soil core was taken in the top, middle, and bottom rows (of the 40 rows selected) to examine the impact of slope position on soil properties. Cores were also taken to depths of 15 to 30 and 30 to 45 cm at the detailed sampling plots to determine soil C throughout a depth profile. Soils were kept on ice or refrigerated at 4°C until processing, which was performed within 2 wk.
Interspace Groundcover Measurements
We estimated the interspace ground cover, or the portion of ground area between trees covered by vegetation, at the five detailed-sampling plots and in their adjacent forest and pasture plots (Fig. 1) . Farmers had indicated no major, recent changes (within 10 yr) in management practices, so our ground-cover measurements, taken at several times throughout the growing season, represent the recent history of weed management at each farm. Similar to the soil cores for the detailed-sampling plots, we sampled the ground cover within 50 m of a focal tree (fifth tree in a row) in the top, middle, and bottom rows of the chosen plot (and at the same slope positions on the forest and pasture plots). We examined ground cover and litter cover (data not shown) by randomly locating a 0.25-m 2 polyvinyl chloride frame within 5 m of a focal tree and visually assessing the percentage of plant ground cover (for a more detailed description, see Jones and Chapman, 2011) . We verified our ground cover estimates against digital image analyses to ensure accuracy. We assessed interspace ground cover during the growing season five times during the 2-yr study period. Specifically, interspace ground-cover measurements were taken within a 1-wk period at each plot in 
Soil Processing
Upon return to the laboratory, each soil sample extruded from the corer was weighed to obtain an estimate of total core mass at field moisture content. The soils were sieved using a 2-mm sieve (U.S. sieve size 10) and soil moisture was then measured by oven drying subsamples at 65°C for 24 h. A subsample of this oven-dried sample was used to assess the amount of soil organic C (described below). Bulk density was assessed by determining the oven-dried mass of the total core (from the soil moisture determinations mentioned above) and dividing by the volume of the corer insert. Although the bulk densities of the soils were similar among all Christmas tree sites (e.g., Table 1 ), they were used to calculate soil C on a mass per unit area basis for the different land use types.
A 10-g subsample of soil from each core was air dried to standardize soil moisture across the various sites (nine farms, 27 plots). Incubation subsamples were rewet to a common soil moisture (see below). A subsample of this air-dried soil was used for the acid hydrolysis-incubation. To determine the water holding capacity of the soils at each site, 10-g subsamples of soil were saturated, allowed to drain for 6 h, weighed, dried at 105°C, and reweighed.
Soil Carbon Pools
We used the acid hydrolysis-incubation method to partition soil C into groups according to stability so that soc a s r
where C soc (mg C kg −1 soil) is the total amount C in the soil organic matter and C a , C s , and C r are the concentrations of C in the active, slow, and recalcitrant pools, respectively, at the time of sampling. The C soc (Eq. [1]) was measured on 25 mg of each oven-dried soil sample using a Carlo Erba elemental analyzer. In addition to C concentration values, average total soil C content (per ground area) to the 15-cm depth for each land use type is also reported and was calculated by multiplying C soc by the bulk density.
The acid-resistant soil fraction was determined by refluxing 1 g of air-dried soil with 10 mL of 6 mol L −1 HCl at 116°C for 16 h and then rinsing with deionized water (modified from Langley et al., 2009) . The soils were then dried and weighed for post-digestion total soil organic C, which was analyzed using a Carlo Erba elemental analyzer. The soil organic C remaining after the acid treatment was considered resistant (C r ; Langley et al., 2009) .
To partition the remaining C between the active and slow pools, we used patterns of C release from soil incubations. One gram of air-dried soil from each core was placed in an Exetainer vial (11-mL headspace). When necessary, water was added to each air-dried sample to bring the soil to a common moisture content for each site, on average 40% of the water holding capacity. A small volume of soil inoculum was added to each soil incubation to provide inoculation with a common decomposer community. This inoculum was generated by adding 0.1 g of each soil to a jar to form a composite of all soil samples. The inoculum was then placed in the water added to standardize the soil moisture. The vials were sealed and allowed to incubate in the dark at 25°C. Headspace CO 2 concentrations were measured 21 times Table 2 . Soil C concentration at each farm across different durations of cultivation (age), including total soil organic C (C soc ), active C (C a ), slow C (C s ), and recalcitrant C (C r ). and the mean residence times of active C pools (MRT a ) and slow C pools (MRT s ).
Farm
Age during the course of 105 d. To determine CO 2 respiration, 1 mL of mixed headspace air was injected into a Li-Cor infrared gas analyzer (Model Li-7000) configured for in-line injection with an eight-port valve (Valco Instruments) using N 2 as the carrier gas (adapted from Langley et al., 2009) . To avoid altering the headspace pressure, a syringe with 1 mL of N 2 was pre-injected into each jar and mixed before headspace sampling.
To determine the magnitude and turnover rates of the active and slow soil C pools, a constrained double-exponential decay model was fitted to the CO 2 efflux rates with time from the incubation:
where C t is the rate of CO 2 emission per unit soil mass at time t and K a and K s are decay coefficients describing the turnover rate of C in the active and slow pools, respectively. Respiration from the resistant pool was assumed to be negligible during the course of the incubation and so was excluded from the model (Paul et al., 2001) . By rearranging Eq.
[1] and substituting in C soc and C r from the static analyses for the same sample, we fit the data to
Therefore, the model estimates only three variables: C a , K a , and K s . The value of C s is calculated by subtraction according to Eq.
[1]. Mean residence times of the active and slow pools were estimated as the inverse of K a and K s , respectively.
Soil Nutrient Analyses, Texture, and pH
Five grams of each soil sample were extracted with 40 mL of 2 mol L −1 KCl and shaken in a horizontal shaker for 1 h. The extract was filtered and stored in the freezer at −18°C until use. Concentrations of NH 4 + and NO 3 − in the extracts were measured on a Lachat QuikChem 8500 Series 2 flow-injection autoanalyzer (Hach Company; QuikChem Method 12-107-06-1-A for NH 4 + and QuikChem Method 12-107-04-1-F for NO 3 − ). Soil texture was measured on each soil sample from the core farms using the texture-by-feel guide provided by NASA's Goddard Space Flight Center (http://soil.gsfc.nasa.gov/index. php?section=119#soiltexture), although results should be extrapolated with caution because we did not use the more standard hydrometer method. The soil pH from each farm was measured on a solution made of 5 g of air-dried soil dissolved in 10 mL of deionized water (2:1 water/soil).
Soil Microclimate Data
Soil temperature was measured using logging Thermochron iButton sensors (Embedded Data Systems) was monitored at each of the five detailed-sampling plots. The sensors were programmed to measure the soil temperature at 30-min intervals for up to 6 mo, placed in capped plastic scintillation vials, and buried both inside the canopy and outside the canopy of Fraser fir trees at the 10-cm depth.
Statistical Analyses
All average values for soil C pools and soil nutrients were calculated based on the nine farm sites (n = 9). Within each farm site, we averaged the three plots of each land use type to obtain the site average (by land use) and used these values in all ANOVA models. The relationships between all soil C pools (three plots per site; C soc , C a , C s , and C r ) and farm age and between benchmarked C soc (forest C soc − farm C soc ) and farm age were examined using linear regressions. Linear regressions were also used to examine the relationship between interspace ground cover and all soil C pools for the detailed-sampling plots, where we had both soil cores and ground-cover data along the farm slope. We used this approach for understanding groundcover and soil C pool relationships because there seemed to be a variation in ground cover along the slope at each farm. Therefore, by assessing this variation we could better examine how ground cover impacted the soil C pools. We used linear regressions to examine the relationship between soil nutrients and soil C pools. Soil C pools and soil mean residence times across different land use types were analyzed using one-way ANOVAs, followed by Student's t-tests. Analyses of variance were also used to assess the impacts of soil age and land use (in separate tests) on soil bulk density and NH 4 + and NO 3 − concentrations. For all tests, a = 0.10; JMP 9 (SAS Institute) was used for all statistical analyses.
RESULTS
Soil Carbon and Duration of Tree Farming
The average soil C on the tree farms was 3% and did not differ along a slope when measured at three different slope locations at the five detailed-sampling farm plots. The values of C soc , C a , C s , and C r (mg C kg −1 soil) were not significantly correlated with farm age (Table 2) . Furthermore, when tree farm soil C soc values were "benchmarked" by subtracting them from the forest soil C soc values, there was no significant relationship between farm age and these differences (Fig. 2) .
Soil Carbon Pools and Interspace Ground Cover
Recalcitrant C (C r ) was positively correlated with tree farm interspace ground cover (r 2 = 0.41, P = 0.010; Fig. 3) . No significant relationships were found between interspace ground cover and C soc or C r in the forest land use type or between ground cover and these C pools in the pasture land use type, indicating that this relationship is unique to tree farms. No other soil C pools were significantly correlated with tree farm interspace ground cover.
Soil Carbon Pools, Mean Residence Times, and Soil Carbon Content across Land-Use Gradient
Soil C pools differed significantly across land-use types. Total soil C (C soc ) was higher in forests than in Christmas tree farms or pastures (F = 5.25, P = 0.010; Fig. 4A ). Farms and pastures had statistically equivalent total soil C. Forests (C soc = 42,728 mg C kg −1 soil) had 45% more C than pastures (C soc = 31,662 mg C kg −1 soil) and 36% more soil C than tree farms (C soc = 32,953 mg C kg −1 soil). The values of C a , C s , and C r were also higher for forests than pastures and tree farms (F = 9.91, P < 0.001; Fig. 4A ). Mean residence times of the slow and active C pools (C a and C s ) were significantly greater for tree farm and forest soils than for pasture soils (P < 0.001 and P < 0.010, respectively; Fig. 4B ). Average C content in the top 15 cm of tree farm soil was 51.46 Mg C ha −1 . Average C content in the top 15 cm of forest soil was 59.81 Mg C ha −1 . Average C content in the top 15 cm of pasture soil was 54.16 Mg C ha −1 . Unlike soil C concentrations, soil C content did not differ due to land use (P = 0.25), probably because of variability in bulk density across the three land use types.
Other Soil Parameters
The bulk density was 1.07 (±0.04 SE) in tree farm soils, 0.96 (±0.04 SE) in forest soils, and 1.08 (±0.4) in pasture soils. All bulk density land-use averages were different from each other based on ANOVA with post-doc Student's t-tests (P < 0.001).
Soil NH 4 and NO 3 concentrations were not significantly different across different farm ages (sites) and there were no significant correlations between soil NH 4 and NO 3 and between tree farm C soc and that of the other land-use sites; however, we saw a positive correlation between the amount of soil NH 4 and C soc (r 2 = 0.30, P = 0.002) across all sites and land-use types. No such correlation was found for soil NO 3 and C soc . Average soil NH 4 concentrations for farms, forests, and pastures were 6.31 (1.65), 11.21 (1.40), and 6.47 (1.70) mg N kg −1 dry soil, respectively, with standard errors in parentheses. Soil NO 3 concentrations for farms, forests, and pastures were 17.57 (4.44), 4.79 (1.59), and 7.08 (1.22) mg N kg −1 dry soil, respectively.
We report soil pool partitioning here to facilitate comparisons with other soil C fractionation studies. On average, across all land-use types, active soil C (C a ) was <1% of total soil C (C soc ) (Fig. 4) . Slow soil C (C s ) ranged from 43 to 75% (average 50%) of C soc . Recalcitrant soil C (C r ) comprised from 25 to 50% (average 41%) of C soc .
We report average values for soil temperature inside the canopy and outside the canopy of focal Fraser fir trees because these best reflect the drip line where we took soil cores. We report average soil temperatures for one growing season (May-October 2008), when most soil C processing occurs. Soil temperature at was 20.0, 17.9, 18.1, 17.7°C, and 20.2°C at Farms A, B, C, D, and E, respectively. Soil temperature did not differ significantly with farm age.
DISCUSSION
In this study, we asked three questions: do soil C pools change with time due to tree farming, does ground-cover abundance on Christmas tree farms impact soil C pools, and do recalcitrant soil C pools differ between land uses? In response to the first question, we found that soil C was not impacted by the duration of tree farming (Fig. 2) . Tree farm interspace groundcover management, however, appeared to have a large impact on recalcitrant C storage, such that a doubling in interspace cover corresponded to a doubling in recalcitrant soil C (Question 2; Fig. 3 ). Finally, all soil C pools, including recalcitrant C, were altered by different land uses, with forests having the highest soil C for all pool types and forests and tree farms having the longest mean residence times for active and slow soil C (Fig. 4) .
While Christmas tree farms are not planted for the purpose of C storage, they can inform our understanding of whether horticulture and soil C sequestration efforts can be complementary. Tree farming did not reveal a consistent temporal pattern in C storage along the chronosequence (either in absolute terms or when values when indexed to forests). There was, however, an indication of a linear trend in the farms that were <19 yr in cultivation (−150 kg ha −1 yr −1 , r 2 = 0.29), indicating that perhaps farming-caused disturbance did decrease the soil C pools initially. That there was no trend across all farms may indicate that the differences between farms and forests arose soon after conversion. Our finding that C storage varied as much within an age group as along the chronosequence may be explained by Fig. 2 . There was no relationship between tree farm age and indexed soil organic C (C SOC ), which is defined as total tree farm soil C minus the paired forest soil C. Individual points represent the difference between paired farm and forest plots (three plots ´ 9 farms). The intercept did not significantly differ from zero. confounding, preexisting variation in soil properties (e.g., clay content), the management of individual farms, or by land-use history. All of these variables are an inherent problem in our use of this chronosequence design and may mask any differences that could be seen along this gradient of cultivation duration.
Soil C soc in the tree farms varied by up to 60% across farms of different ages (Table 2) . This variation is similar to that found across the different land uses (Fig. 4) and is probably due to both age and a combination of soil type, management, and land-use history. These latter factors are either geologically or anthropogenically driven and could not be controlled in this chronosequence. Although we monitored soil temperature, this microclimatic variable did not explain the variation in soil C pools across different farm ages. Rather, because soil temperature seemed to be related to the size of trees in the farm plot, due to shading, and tree size is independent of age (depending on time in the rotation), it is not likely that soil temperature is a good predictor of soil C dynamics in these tree farms. Contrary to our results, some studies of tree plantations have shown increasing soil C with plantation age (e.g., Reintam et al., 2002; Wang et al., 2011) ; however, most of these studies used plots that were standardized for ground cover and fertilization management. Because the farms examined in this study varied greatly in management, these differences probably obscured any impacts that the duration of planting would have on soil C. We assume that all Christmas tree farms were forested before settlement in the 18th century; however, we do not have full documentation of the intervening land uses, which could have also had a large impact on soil C.
Management of tree farms includes fertilizer application, planting and clearing regimes, and ground-cover management, all of which can potentially alter soil C ( Johnson, 1992; Winjum et al., 1992; Jandl et al., 2007; Berthrong et al., 2009; . For example, in a meta-analysis, Berthrong et al. (2009) , found that afforestation with Pinus species decreased soil C by 15% but suggested that maintaining post-harvest residues could offset this C loss. Oelbermann et al. (2006) found that leaving tree prunings in a tropical agroforestry system could increase soil organic C. Because most agroecosystems do not have interspace vegetation between the dominant crop species, few studies have addressed the impacts of ground-cover management on soil C storage (but see Kang et al., 1999; Albrecht and Kandji, 2003) . Also, Jin et al. (2009) showed that, on sloped farmlands in China, higher percentages of dead ground cover (i.e., straw) increased soil C retention, probably due to erosion prevention. Similarly, we found that a higher percentage of live vegetation cover (interspace ground cover) was positively correlated with higher recalcitrant soil C (Fig. 3) .
Our study is one of the first, to our knowledge, to show that interspace ground-cover management can potentially increase soil C storage in an agroforestry system. Because ground cover probably prevents soil erosion, soil C increases are not unanticipated. Higher ground cover percentage, however, related to greater C r , the recalcitrant soil C pool, rather than C s , C a , or C soc . Although increased erosion was probably a factor, this unequal diminution among soil C pools suggests other, more biological, mechanisms may have been at play. Increased litter inputs may contribute to the C r pool. Also, the vegetation found between Christmas trees varied among farms but comprised mostly herbaceous species similar to those found in grasslands, and often included clovers such as Trifolium repens L. Clover increases N 2 inputs to farm soils (Nikiema et al., 2012) , and these organic N inputs could potentially increase phenolic-N complexes that are recalcitrant to microbial decomposition and may contribute to the increased recalcitrant C pool (Northup et al., 1995) . We found no correlation, however, between tree farm soil NO 3 or NH 4 and C r , which may indicate that mineral N is not regulating recalcitrant C. Further biogeochemical analyses are needed to determine the mechanism driving the positive relationship between recalcitrant soil C and ground-cover abundance. Finally, soil temperatures on some tree farms showed a trend of being higher in the interspaces than under farmed trees (data not shown). These increased temperatures, probably driven by the absence of shading by vegetation, could contribute to increased soil C respiration, thus decreasing soil C pools (Lloyd and Taylor, 1994) .
Soil C pool fractions in this study generally agreed with previous reports. For instance, across all land uses, the slow pool comprised from 43 to 75% of soil C, compared with 45 to 65% reported in a comparison across several different sites (Paul et al., 2006) . One exception was the active pools, which comprised a smaller portion, 0.4 to 1.0%, of the total soil C than previous estimates. The estimates of Paul et al. (2006) , however, were mostly from agricultural soils. Our active pool estimates were more in line with that from a ponderosa pine forest (the Placerville site of Paul et al., 2006) , a more similar ecosystem regarding management and plant community.
Land-use change has been repeatedly shown to have large impacts on soil C storage (Davidson and Ackerman,1993; Vesterdal et al., 2002) , and soil C often decreases when forests are converted to agriculture (for review, see Murty et al., 2002) . Therefore, it is not surprising that in the Southern Appalachian Mountains, we found lower soil C (for all pool types) in tree farms and pastures than forests. Because C did not decline with tree farm age, most of the C losses probably occurred at the initial forest clearing and conversion to agricultural land (often cabbage [Brassica oleracea L. var. capitata L.] farms preceded tree farms in this region). Tree farm soil C has mean residence times statistically equivalent to those of native forests, however, and longer than those in pastures. Although we must use caution in interpreting turnover rates from the model, this pattern may indicate differences in composition of the active and slow C pools. Fraser fir produces relatively recalcitrant aboveground litter (Baird et al., 2009) , and their woody roots and trunks consistently contribute to both soil C a and C s on tree farms, which is similar to soil C accumulation in native forests. Moreover, Fraser fir, as well as many native forest species, hosts ectomycorrhizal fungi, which have been shown to correlate with slower C cycling (Cornelissen et al., 2001 ) and may exert their own unique influence on soil C via production of complex C compounds that do not decompose readily (Langley and Hungate, 2003; Langley et al., 2006) . Ecotomycorrhizal fungi would be absent in the grassdominated (and thus, arbuscular mycorrhizae dominated) pasture plots, perhaps leading to the lower mean residence times of active and slow C pools. Further research, including in situ respiration measurements, could help to determine whether these model-derived mean residence times are representative of field soil CO 2 respiration rates.
In contrast to soil C pool concentrations, total soil C content (to a soil depth of 15 cm) was statistically equivalent in tree farms (51.46 Mg C ha −1 ), forests (59.81 Mg C ha −1 ), and pastures (54.16 Mg C ha −1 ). In a study of forest and pasture C content in the Southern Appalachian Mountains, Bolsted and Vose (2005) found forest soil C pools to be around 180 Mg C ha −1 and pasture soils to be around 120 Mg C ha −1 , but their C pools were measured to a depth of 30 cm, compared with our 15 cm. The difference between the patterns in soil C pool concentrations and soil C contents that we found was probably driven by variations in bulk density across the landscape. Tree farms and pasture soils have higher bulk densities than forest soils, therefore increasing their soil C content. This equivalence of soil C content is interesting and may reflect some countervailing influence of land use on soil compaction and thus C content; however, we think that the soil C concentrations, as the more accepted soil C metric, are the best way to compare land use types.
CONCLUSIONS
Past conversion of native forests into other land uses probably incurred a great release of C in the past century (Post and Kwon, 2000; Lal, 2004) . Therefore, it is not surprising that we found that Christmas tree farm C concentrations were lower than those of forests. Christmas tree farming does not yield increasing losses of soil C with time, however, potentially making tree farms an interesting land use to investigate for C sequestration purposes. In addition, we showed that managing tree farms to maintain interspace cover may help to partially maintain this soil C. We hope that our findings regarding C pool stability across different land uses in these high-elevation ecosystems may help inform land-use planning and C budget modeling. Furthermore, we hope that our findings can help extension agents and Christmas tree farmers implement management techniques that simultaneously maximize farm productivity and soil C storage.
